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Abstract: We determine the current status of the fundamental composite electroweak dy-
namics paradigm after the discovery of the Higgs boson at the Large Hadron Collider experi-
ments. Our analysis serves as universal and minimal template for a wide class of models with
the two limits in parameter space being composite Goldstone Higgs models and Technicolor.
This is possible because of the existence of a unified description, both at the effective and
fundamental Lagrangian levels, of models of composite Higgs dynamics where the Higgs boson
itself can emerge, depending on the way the electroweak symmetry is embedded, either as a
pseudo-Goldstone boson or as a massive excitation of the condensate. We constrain the avail-
able parameter space at the effective Lagrangian level. We show that a wide class of models
of fundamental composite electroweak dynamics, including Technicolor, are compatible with
experiments. The results are relevant for future searches of a fundamental composite nature
of the Higgs mechanism at the Large Hadron Collider.
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1 Introduction
The discovery of the Higgs boson is a landmark that establishes on a firmer experimental
ground the Standard Model (SM) of particle physics. More excitingly, however, this dis-
covery constitutes an invaluable source of information to help unveiling a more fundamental
theory of particle interactions. The SM, in fact, suffers from a number of theoretical and phe-
nomenological shortcomings such as the absence of a mechanism stabilising the electroweak
scale against quantum corrections or of a dark matter candidate. For these reasons the SM
can be seen as an effective description in search of a more fundamental one.
Despite the fact that a fully satisfactory underlying theory has yet to be found, it is
however possible to use the new experimental information on the Higgs sector to constrain
extensions of the SM, which render this sector at least more fundamental. We shall focus on
the possibility that the Higgs sector of the SM is composed of a new fundamental strongly
coupled dynamics. The Higgs particle could then naturally emerge in two ways: mostly as
a pseudo-Nambu Goldstone Boson (pNGB) [1, 2]; or mostly as the first composite scalar
– 1 –
fluctuation of the new fundamental fermion condensate of Technicolor (TC) inspired theories.
In general, it will be a linear combination of both states.
Although within an effective Lagrangian description these different realisations seem su-
perficially different, in fact, at a more fundamental level one can show that any underlying
four-dimensional composite pNGB nature of the Higgs is always accompanied by the TC
limit. These two deceivingly different phenomenological realisations of the Higgs are, de
facto, unified at the fundamental level [3]. They differ only in the final dynamical alignment
of the electroweak symmetry and its embedding in the larger global symmetry of the funda-
mental theory. The converse is not true, i.e. one can have fundamental theories breaking the
electroweak (EW) symmetry dynamically without admitting the pNGB Higgs limit.
The time-honoured example of fundamental descriptions of composite Higgs theories is
Technicolor [4, 5] where a scaled-up QCD dynamics was employed. The original Weinberg
and Susskind TC models, unfortunately, suffer of a number of serious phenomenological short-
comings and are, therefore, not phenomenologically viable. Among these issues there is the
fact that the lightest massive composite scalar of the theory, the σ(600), when scaled up to
the electroweak scale has a mass of around 1.5 TeV that can hardly be reconciled with ex-
periments [6]. Constraints on TC models coming from the flavour sector must be taken cum
grano salis because they assume knowledge of extra, yet unspecified, sectors needed to endow
the SM fermions with mass. The interplay of these sectors with the one responsible for break-
ing the electroweak symmetry typically modifies the constraints [7–12]. The issue of flavour
has also been analyses in the context of extra dimensional set-ups (see for instance [13, 14]),
which however cannot be considered on the same footing as fundamental theories [15].
These shortcomings are not generalisable to other fundamental models of composite dy-
namics [6]. There is, in fact, a vast number of possible underlying theories at our disposal
[16–18] that can be used to break the electroweak symmetry dynamically. For these theories
the phenomenological constraints of Weinberg and Susskind TC models do not automatically
apply, the reason being that the resulting composite dynamics can be very different from
QCD. In particular modern models of fundamental dynamical electroweak symmetry break-
ing are based on the use of both different gauge groups and different underlying fermionic
matter representations, as summarised in [6]. It is therefore important to test these new
fundamental theories against data, especially because these models have the ambition to use
a more fundamental nature of the Higgs boson and its sector. Similarly the composite Higgs
of pNGB nature, if realised in nature beyond an effective description, should also be related
to an underlying composite dynamics.
Following the results of [3] we wish to determine the experimental status, via an effective
Lagrangian approach, of the scalar sector of theories unifying the composite pNGB and
Techni-Higgs at a more fundamental level. The physical 125 GeV Higgs boson is therefore
identified with the lightest state of the theory which is generically a mixture of a composite
pNGB and the Techni-Higgs state.
Although we are not using QCD as a template for our model building it is a fact that it
contains in its spectrum a plethora of composite states, i.e. pNGBs, massive (pseudo)scalar
– 2 –
resonances, axial and vector states, baryons (composite fermions) as well as high spin states.
Even if the composite dynamics is not QCD-like a smoking gun evidence that new fundamental
composite dynamics drives electroweak symmetry breaking would be the discovery of new
composite states.
Typically the phenomenology of non-perturbative extensions of the SM is limited to the
bottom-up approach that lacks, however, of specific predictions, for example for the actual
spectrum of particles to be discovered, relevant to guide experimental searches. One would,
in fact, like to have realistic expectations on when new states will be discovered at colliders.
In ref. [3, 19, 20] a minimal realisation in terms of an underlying gauge theory was provided
consisting in a new underlying Fundamental Composite Dynamics (FCD), i.e. SU(2)FCD
gauge theory with two Dirac fundamental fermions transforming according to the defining
representation of the gauge group. The non-perturbative chiral dynamics of this theory is
being studied via first principle lattice simulations with noteworthy results. We know now, for
example, that the pattern of chiral symmetry breaking that we shall be using below, i.e. SU(4)
to Sp(4), occurs dynamically [21–23]. Recently the spectrum of the lightest spin-one states
appeared in [22, 23], while preliminary results for the scattering lengths and lattice signals
of a scalar state appeared in [24, 25]. Equally important lattice results for the spectrum of
minimal fundamental models of dynamical electroweak symmetry breaking that do not admit
a composite pNGB Higgs limit are being produced with fermions in the adjoint representation
[21, 22, 26–37]. Direct experimental searches for these models have recently appeared in [38].
We define by Fundamental Composite Electroweak Dynamics any four dimensional phys-
ical realisation of the Higgs sector of the SM in terms of underlying asymptotically free gauge
theories capable of generating dynamically electroweak symmetry breaking. From the results
of [3] it is clear that pNGB Higgs, near-conformal as well as traditional TC theories are special
limits of this universal definition that encompasses them all.
Since the theory parameter space of well defined fundamental asymptotically free gauge
theories is vast [6], and given that some of these theories can describe simultaneously several
phenomenologically viable extensions of the SM [3] it is clear that fundamental composite
dynamic theories are still prime candidates to be searched for at colliders.
The paper is structured as follows: in Section 2 we recap the main features of the model.
The bounds from electroweak precision measurements and the Higgs couplings are presented
in Section 3, while in Section 4 we discuss the prospects to observe the lightest new particle,
the singlet η, at the LHC and at a Linear Collider. Finally, in Section 5 we show the
experimental bounds on the heavier Higgs, before concluding in Section 6.
2 The model
In this paper we focus on a unified and minimal description of composite pNGB Higgs and
TC models stemming from the simplest realisation in terms of an underlying fundamental
dynamics. Here, by simplest, we mean that it is based on the smallest asymptotically free
gauge group with the smallest number of fermions needed for model building. The model [3,
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19, 20] relies on a gauge SU(2)FCD strongly coupled group with just two Dirac fermions
transforming according to the fundamental representation of the underlying gauge group 1.
Since the representation is pseudo-real, the new fermions can be described as 4 Weyl fermions
Qi, so that the global symmetry of the fermionic sector is SU(4). The additional classical
U(1) global symmetry is anomalous at the quantum level 2. Because SU(2) can be viewed as
the first of the symplectic groups [18] the phenomenological analysis, and model building can
be generalised to Sp(2N)FCD [41].
The underlying Lagrangian is:
L = −1
4
F aµνF
aµν + Q¯j(iσ
µDµ)Qj −M ijQQiQj + h.c. (2.1)
with F aµν the field strength of the FCD group, and MQ is a general mass matrix. First
principle numerical simulations [21–23] have demonstrated that the SU(2)FCD model does
lead to a fermion condensate in the chiral limit breaking the global symmetry SU(4)→ Sp(4).
The group-theoretical properties of the condensate are:
〈QiQj〉 = 6SU(4) → 5Sp(4) ⊕ 1Sp(4) , (2.2)
transforming as a 2-index anti-symmetric representation of SU(4). The coset space SU(4)/Sp(4)
is parametrised by 5 Goldstone bosons, transforming as a 5 of Sp(4) [42, 43].
We need now to specify the embedding of the electroweak symmetry in the model: the
simplest choice is to assign the first two Qi to a doublet of SU(2)L, and the second two to
a doublet of SU(2)R (the diagonal generator of SU(2)R being the generator of hypercharge).
In this way, all gauge anomalies vanish, and we can keep track explicitly of the custodial
symmetry built in the model. Another point is that with this embedding, we can choose an
alignment of the condensate in SU(4) that does not break the EW symmetry: this direction
is in fact determined by the mass matrix MQ. The most general gauge-invariant mass term
can be written as:
MQ =
(
µL iσ2 0
0 µR iσ2
)
, (2.3)
where σ2 is the second Pauli matrix, and the phases of the techni-quarks can be used to
make the two parameters µL/R real. This mass term explicitly breaks SU(4) to Sp(4) in
the case where |µL| = |µR|. In the following, we will choose µR = −µL in order to use the
same alignment of the vacuum as in [3], however the sign choice is arbitrary and irrelevant
as it can always be reversed by a change in the phase of the constituent quarks. All the
physical results, therefore, are independent on the phases appearing in the mass matrix and
in the condensate, provided we do not include the topological term [40]. The EW preserving
vacuum, aligned with the mass matrix, is therefore
ΣB =
(
iσ2 0
0 −iσ2
)
. (2.4)
1This model was first proposed as a UV completion of Little Higgs models in [39].
2The physical consequences are interlaced with the possible addition of the topological gauge-term [40].
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A list of the 10 unbroken generators Si and of the 5 broken ones Xj can be found in Ref. [3]. In
this basis, the SU(2)L generators are S
1,2,3, while the SU(2)R ones are S
4,5,6. The alignment
of the condensate can be changed by applying an SU(4) transformation generated by the 5
broken generators: as X1,2,3,4 form an SU(2) doublet, one can use gauge transformations to
align the vacuum along the Higgs direction (X4 in our notation) without loss of generality.
On the other hand, X5 corresponds to a singlet of the gauged subgroup of SU(4), therefore a
rotation along this direction will not change the physics of the model. Furthermore, it can be
shown that a transformation eiθ
′X5 will generate a relative phase between the mass terms µL
and µR of the two techni-quark doublets: as already explained, this phase is irrelevant and
can always be removed by a phase redefinition of the quarks. In other words, our choice to
have real masses already fixed θ′ = 0. Introducing θ′ in the vacuum alignment will therefore
not add any new physical effects in the theory. The most general vacuum, therefore, can be
written as:
Σ0 = e
iγeiθX
4 · ΣB = eiγ
(
cos θ iσ2 sin θ 12×2
− sin θ 12×2 − cos θ iσ2
)
. (2.5)
The phase γ is generated by the anomalous U(1) symmetry, and it may therefore carry physical
effects: in fact, it will generate CP violation in the chiral Lagrangian via the Pfaffian of the
pion matrix [20]. In the following, for simplicity, we will limit ourselves to a CP-invariant
model, thus setting γ = 0. The only free parameter θ aligns the condensate to a direction that
does break the EW symmetry, and its value will be determined once quantum corrections are
added.
Based on the above symmetry considerations, one can describe the physics of the 5 Gold-
stone bosons via the CCWZ formalism [20, 42, 43]: here we will use a linearly transforming
matrix defined as
Σ = ei
∑5
j=1 Y
jχj/f · Σ0 , (2.6)
where χj are the pNGB fields, and Y
j = eiθ/2X
4 ·Xj · e−iθ/2X4 are the broken generators in
the Σ0 vacuum. For our purposes, this formalism is completely equivalent to the one based
on 1-forms. The chiral Lagrangian is therefore given by:
LCCWZ = κG(σ)f2Tr[(DµΣ)†DµΣ] + 1
2
∂µσ∂
µσ − 1
2
M2κM (σ)σ
2 + (2.7)
f
(
κt(σ) y
′ij
u (QL,iu
c
R,j)
†
α + κb(σ) y
′ij
d (QL,id
c
R,j)α + κl(σ) y
′ij
l (Lil
c
j)
†
α
)
Tr[PαΣ] + h.c.
where Dµ contains the EW gauge bosons, and we added the couplings of the Sp(4) singlet σ.
The matrices Pα are spurions that project the pion matrix on its components transforming as
a doublet of SU(2)L. As we shall see later, the σ can also play the role of the Higgs boson, even
though naively its mass is expected to be large. The second line contains effective couplings
of the condensate to the SM fermions. Such terms are necessary in order to give mass to the
fermions in a similar way as Yukawa couplings do in the SM. A possible origin of such terms
can be traced back to four-Fermi interactions in the form (for the up-sector):
LEFCD = −y
ij
u
Λ2u
(QQ)α(QL,iu
c
R,j)
†
α + h.c. (2.8)
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As all the Yukawa terms have the same 4-Fermi origin, one may expect κt = κb = κl.
A detailed analysis of this Lagrangian can be found in [3]: here we will limit ourselves
to listing the main results relevant for the phenomenology of the scalar sector. First, the
alignment of the vacuum generates masses for both the W and Z, as well as fermions:
m2W = 2g
2f2 sin2 θ =
g2v2
4
, m2Z =
m2W
cos2 θW
, mf = y
′
ff sin θ =
y′fv
2
√
2
, (2.9)
where v = 2
√
2f sin θ, and the relation between the Z and W masses is guaranteed by the
custodial symmetry. Additional small corrections arise from the singlet field σ acquiring
a vacuum expectation value, however such corrections will be neglected in the following.
Eq. (2.7) also determines the couplings of the scalars, both pNGBs and σ, to the gauge
bosons and SM fermions. First it should be said that the first 3 pions are exact Goldstone
bosons and are eaten by the massive W and Z (for θ 6= 0), so they can be removed in the
Unitary gauge. About the remaining two pions, they are both pNGBs and, while one of them
behaves like a Higgs boson in the sense that it couples linearly to the massive states, the other
is a singlet and only couples quadratically. We can therefore rename the two as h and η:
Σ = eiY
4h/f+iY 5η/f · Σ0 . (2.10)
Expanding Eq. (2.7) in the unitary gauge, one obtains
ghWW =
√
2g2f sin θ cos θ = gSMhWW cos θ , ghff¯ =
y′f√
2
cos θ = gSMhff¯ cos θ , (2.11)
while the couplings to the Z are determined by custodial invariance. Similarly, expanding
κ(σ) = 1 +
κ(1)
4pif
σ +
1
2
κ(2)
(4pif)2
σ2 + . . . (2.12)
one finds the couplings of σ:
gσWW =
κ
(1)
G
4pif
m2W = g
SM
hWW κ˜G sin θ , gσff¯ =
κ
(1)
f
4pif
mf = g
SM
hff¯ κ˜f sin θ , (2.13)
where we have defined
κ˜G =
κ
(1)
G
2
√
2pi
, κ˜f =
κ
(1)
f√
2pi
, κ˜
(2)
G =
κ
(2)
G
4pi2
, κ˜
(2)
f =
κ
(2)
f
2pi2
, (2.14)
for later convenience. A summary of the couplings of the 3 scalars to the SM states normalised
to the SM values can be found in Table 1. It is also useful to complete the list with the
couplings of two scalars to the fermions, which are absent in the SM but may be relevant for
– 6 –
WW , ZZ ff¯
h cos θ cos θ
σ κ˜G sin θ κ˜f sin θ
η - -
hh cos 2θ
σh κ˜G sin 2θ
σσ κ˜
(2)
G sin
2 θ
ηη - sin θ2
Table 1. Coupling of one and two scalars to gauge bosons and fermions normalised to the SM value.
The bilinear couplings to fermions are not reported here as they are absent in the SM.
the pair production of the scalars at the LHC:
ghhff¯ = −
mf
v2
sin2 θ , (2.15)
gσσff¯ =
κ
(2)
f
(4pif)2
mf = κ˜
(2)
f
mf
v2
sin2 θ , (2.16)
ghσff¯ =
κ
(1)
t
4pif
mf
v
cos θ = κ˜f
mf
v2
sin θ cos θ , (2.17)
gη2ff¯ = −
mf
v2
sin2 θ . (2.18)
The importance of such couplings for the Higgs pair production has been stressed in Ref. [44].
2.1 The Higgs spectrum and fine-tuning
The masses of the pNGBs are generated by operators that break explicitly the global symme-
try both at tree and loop levels. The potential used in Refs. [3, 20] consists of 3 contributions:
Vscalars = κG(σ)Vgauge + κ
2
t (σ)Vtop + κm(σ)Vm . (2.19)
The first two terms are generated by loops of the EW gauge bosons and the top, while the
third comes from the mass term of the techni-quarks, which explicitly breaks SU(4)→Sp(4).
Here we will summarise the main results. To further simply the analysis we neglect the gauge
boson contribution. This is justified by the fact that it is smaller than the top one. Also, we
omit the contribution of σ to identify the symmetry breaking alignment with respect to the
electroweak symmetry.
First, we can compute the potential for θ:
V (θ) = y′t
2
Ct cos
2 θ − 4Cm cos θ + constant (2.20)
where Ct,m are order 1 coefficients determined by the dynamics (Ct is expected to be positive
to match the sign of a fermion loop). The minimum of the potential is given by
cos θmin =
2Cm
y′t
2Ct
, for y′t
2
Ct > 2|Cm| . (2.21)
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Note that a small θ can only be achieved for 2Cm → y′t2Ct: in order to reach the pNGB Higgs
limit, one needs therefore to fine-tune two contributions in the potential which are of very
different origins. This is the only severe fine-tuning required in the model, if a small θ needs
to be achieved. Note also that in the limit of a small mass for the techni-fermions, Cm  Ct,
the vacuum moves towards the TC limit θ = pi/2. Remarkably, a non fine-tuned (in θ)
realisation of a pNGB Higgs may occur if its nature is elementary [45], the reason being that
the corrections to the potential, once the quadratic divergences are properly subtracted, derive
from the dependence of the potential on the fourth power of the couplings (corresponding to
logarithmically divergent corrections to the quartic coupling) rather than on the quadratic
power (corresponding to the quadratically divergent contribution to the mass). It is also
noteworthy that here we used an explicit mass term for the Techni-quarks to stabilise the
potential, while in other models of composite (pNGB) Higgs in the market the stabilisation is
due to quartic terms: as we just discussed, quartic terms are the dominant ones in elementary
realisations of the pNGB Higgs, however they are subleading in composite realisations.
This potential also determines the masses of the pNGBs:
m2χ1,2,3 =
f2
4
(
2Cm − y′t2Ct cos θ
)
cos θ = 0 , (2.22)
m2h =
f2
4
(
2Cm cos θ − y′t2Ct cos(2θ)
)
=
y′t
2Ctf
2
4
sin2 θ , (2.23)
m2η =
f2
4
(
2Cm cos θ + y
′
t
2
Ct sin
2 θ
)
=
y′t
2Ctf
2
4
, (2.24)
where we have used the minimum condition to remove the dependence on Cm. We notice
here that, as expected, the new fundamental elementary fermion mass term gives the same
mass (of order f) to all pions. On the other hand, the top loop gives a mass of order f to the
pNGB Higgs, and a mass of order f sin θ to the EW singlet. This can be easily understood:
the top couples via 4-fermi interactions to the techni-quarks doublet that transforms as a
doublet of SU(2), thus the top loop will generate the usual divergent contribution to its mass
that, following naive dimensional analysis, can be approximated as
∆m2h(top) = C
y′t
2
16pi2
Λ2 = Cy′t
2
f2 . (2.25)
This large contribution, however, is cancelled by the contribution of the explicit mass at the
minimum, so that the final value of the pNGB Higgs mass is
m2h =
y′t
2Ctf
2
4
sin2 θ = m2η sin
2 θ =
Ctm
2
top
4
. (2.26)
Note that it would be enough to have Ct ∼ 2 to generate the correct value for the Higgs mass.
The value of Ct is not a free parameter, but it can be determined by the dynamics. At present,
no calculation of such coefficients is available. Nevertheless, no additional fine-tuning is in
principle necessary for the Higgs mass, once the fine-tuning in the alignment is paid off. The
relation between the masses of h and η also survives after the gauge corrections are included,
– 8 –
however it can easily be spoiled by other corrections, like for instance the mixing between
h and σ. Finally, the pions eaten by the W and Z are massless on the correct vacuum, as
expected for exact Goldstone bosons.
The parametric smallness of the pNGB Higgs mass can also be understood in terms of
symmetries. The 3 Goldstone bosons eaten by W and Z are always massless, for any value of
θ. Therefore, if we go continuously to the limit θ → 0, where the EW symmetry is restored,
the mass of the pNGB Higgs must also vanish in order to reconstruct a complete massless
SU(2) doublet. The same argument cannot be applied to η, which is a singlet unrelated to
EW symmetry breaking.
In the natural presence of the singlet σ the spectrum is affected. In fact, σ mixes with
h (but not with η), as they share the same quantum numbers. A detailed description of the
mass matrix can be found in [3]. Here, we will keep the discussion general, so we will simply
replace h and σ by the mass eigenstates h1,2, where the lighter states h1 is identified with the
observed Higgs at mh1 = 125 GeV:(
h1
h2
)
=
(
cα sα
−sα cα
)(
h
σ
)
. (2.27)
Both the mass mh2 and the mixing angle α will be considered here as independent free
parameters. It should only be reminded that α → 0 for θ → 0, as the EW symmetry is not
broken in that limit, and also α → pi/2 for θ → pi/2 as a global U(1) subgroup will prevent
mixing in the TC limit [19] (and we need to associate the observed Higgs with σ). The sign
of α is not determined, however the analysis in [3] shows that the mass of the light state will
generically receive a negative correction from the mixing, that is reduced with respect to the
prediction in Eq. (2.25). We can therefore consider that
mη >
mh1
sin θ
. (2.28)
In the phenomenological results of Section 4, we will assume the equality as a limiting scenario.
2.2 Trilinear scalar self-interactions
We present here the trilinear couplings among scalars, which are relevant for the pair pro-
duction of the discovered Higgs 3
gh3 =
3m2h
v
cos θ , (2.29)
gσh2 =
m2h
v
1
sin θ
(
κ˜(1)m cos
2 θ − 2κ˜t cos(2θ)
)
, (2.30)
gσ2h =
m2h
v
2 cos θ
sin θ
(
κ˜(2)m − (κ˜(2)t + κ˜2t )
)
, (2.31)
3The couplings are proportional to the pNGB mass mh and not to the physical Higgs mass mh1 . Thus
these couplings should be compared to the SM value gSMh3 = 3m
2
h1
/v.
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and of η:
ghη2 =
m2h
v
cos θ , (2.32)
gση2 =
m2h
v
1
sin θ
(
κ˜(1)m cos
2 θ + 2κ˜t sin
2 θ
)
, (2.33)
where we defined, for convenience,
κ˜(1)m =
κ
(1)
m√
2pi
, κ˜(2)m =
κ
(2)
m
2pi2
, (2.34)
and we are working in the non-diagonalised scalar basis.
It is interesting to notice that the couplings of σ diverge for small θ: this is a sign that they
are proportional to the condensation scale f and thus increase for increasing condensation
scale. The trilinear coupling of σ cannot be determined as it comes directly from the strong
dynamics. It should therefore be considered as an additional free parameter, also proportional
to the condensation scale f .
2.3 Bounds from EWPTs
The precise determination of the oblique corrections is a delicate issue in composite extensions
of the SM. A well defined procedure must be employed that allows to clearly disentangle
the intrinsic contribution stemming from strong dynamics from the one coming from the
genuine SM contribution [11]. Once such a procedure is established, an estimate from the
strongly coupled sector is needed. First principle lattice simulations are the primary method
to determine this contribution. However, as a very rough estimate, one can use the one-loop
contribution from the fundamental fermions with heavy constituent mass terms. In this case
for one SU(2)L doublet we have ∆S = 1/(6pi). In the fundamental model under consideration,
this translates into the following contribution
∆SUV =
sin2 θ
6pi
(2.35)
for each fundamental doublet 4. The reason for the presence of the sin2 θ term can be under-
stood in terms of symmetries: in the radial composite Higgs limit θ → pi/2, the fundamental
fermions pick up a dynamical mass from the condensate which is aligned with the EW break-
ing direction, thus the calculation satisfies some of the assumptions in [50]; on the other hand,
in the limit θ → 0, the EW symmetry is recovered and the S parameter must vanish. The
power is understood in terms of masses: in fact, it is expected to be proportional to the square
4We note that this estimate is modified when the underlying dynamics is near conformal because of the
violation of the second Weinberg’s sum rule [46]. There is a limit, however, when this estimate turns into
a precise result. This occurs close to the upper limit of the conformal window [47] provided the correct
kinematical limits are chosen. The two-loop contributions have been computed in [48] where it is clearly shown
how the S parameter increases when moving deeper into the nonperturbative region. In the non-perturbative
regimes recent comprehensive holographic estimates have appeared [49].
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of the ratio of the dynamical mass aligned to the EW breaking direction, ∼ f sin θ, and the
total dynamical mass of the fermions, ∼ f . This expectation is also confirmed by an operator
analysis of this contribution, as shown in [20]. The strongly interacting contribution to the
T parameter vanishes because the dynamics respects the SU(2)V custodial symmetry.
The underlying strong dynamics contribution must then be matched with the important
one coming from the quantum corrections in the effective Lagrangian for the lightest states
considered here. We will use a more naive way to estimate the total correction: we explicitly
include the contribution of the loops of the lightest composite states 5, i.e. the 125 GeV
Higgs h1, which contributes due to the modified couplings to gauge bosons, and the heavier
“Higgs” h2. Then, we will assume that the contribution of the heavier resonances can be
approximated by the Techni-quark loop in Eq. (2.35), as one would expect if the contribution
were dominated by the lightest vector and axial resonances. The net effect can be estimated
starting from the contribution of the Higgs loops and summarise the results in the following:
∆S =
1
6pi
[
(1− k2h1) ln
Λ
mh1
− k2h2 ln
Λ
mh2
+ND sin
2 θ
]
, (2.36)
∆T = − 3
8pi cos2 θW
[
(1− k2h1) ln
Λ
mh1
− k2h2 ln
Λ
mh2
]
, (2.37)
where
kh1 = cos(θ − α) + (κ˜G − 1) sin θ sinα , kh2 = sin(θ − α) + (κ˜G − 1) sin θ cosα , (2.38)
and ND is the number of techni-fermion doublets (ND = 2 for SU(2)FCD, and 2N for
Sp(2N)FCD). In this analysis we assumed the presence of physical cutoff Λ to be identi-
fied with the next massive state. The dependence on the cutoff emerges because the scalar
loop contributions are divergent, as a sign of the effective nature of the Lagrangian. The
divergence is corrected once the proper matching to the underlying UV dynamics is taken
into account. In our phenomenological estimates, we will use
Λ = 4pif =
√
2piv
sin θ
, (2.39)
which is very close to the mass of the spin-1 resonances as shown by first-principle lattice
simulations [21–23, 25]. We also added to ∆S the naive strongly coupled contribution that
should partially take into account the heavier states. This estimate is clearly naive but should
capture at least the correct order of magnitude of the corrections. It should be stressed that
a more appropriate calculation should be employed if one wanted to use Lattice calculations
of the contribution of the strong dynamics to S, as thoroughly discussed in [11], where one
finds also the discussion of the needed counterterms in the effective Lagrangian.
5The η does not contribute: in fact, its couplings can only generate corrections to the masses and, because
of the custodial symmetry, such corrections do not enter the T parameter.
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3 Constraints from the Higgs coupling measurements and EWPTs
Even though the couplings of the Higgs boson have been measured with a precision that is at
the level of 10% in the best cases, the fact that they are close to the SM values poses significant
constraints on the scenarios of composite Higgs. In this work, we use the final analyses of
the data collected in 2011 and 2012 by the LHC collaborations, CMS [51] and ATLAS [52–
56], to extract the constraints from the Higgs couplings. The results of the experimental
analyses are provided as exclusion contours in terms of signal strengths, and treated in the
way described in [57]. These experimental plots represent regions allowed at 68% confidence
level (C.L.) by the analyses, in the plane of cross sections rescaling factors for the main Higgs
decay channels H → γγ,WW ∗, ZZ∗, τ¯ τ, b¯b, under the assumption that W and Z-strahlung
(VH) and vector boson fusion (VBF) modes are rescaled by the same factor, as well as the
gluon fusion and tt¯H. We fitted these lines as ellipses, therefore extrapolating the χ2 for each
channel as a paraboloid, i.e. approximating the likelihood functions with a gaussian. The
exception to this procedure is that in the ATLAS measurement, H → b¯b is only selected via
the VH channel, thus we included its one dimensional signal strength and uncertainty into
the likelihood function. Through the χ2 function we will determine the best fit point and we
can then use the reconstructed quantity ∆χ2 = χ2 − χ2min to draw the exclusion limits. This
method has been validated to reproduce the experimental results [58].
3.1 The composite pNGB Higgs limit
Here we assume σ to decouple and we identify the discovered Higgs with the pNGB h. This
limit corresponds to the case α = 0 and κ˜G = κ˜t = 0. In this limit both the Higgs couplings
and EWPTs depend only on θ, thus allowing us to extract an upper bound on the value of
this angle. The limits at 3σ are summarised in the following table:
Higgs couplings EWPTs - SU(2)FCD EWPTs - Sp(4)FCD EWPTs - Sp(6)FCD
θ <
0.71 (CMS)
0.61 (ATLAS)
0.239 0.227 0.216
The numbers show that the bound from EWPTs is much stronger than the bounds from
the Higgs couplings, and points to values sin θ ≤ 0.2. This value is consistent with bounds
obtained in other models of pNGB Higgs [59]. There is also a mild dependence on the
number of doublets in the dynamical model, thus signaling that the bound is dominated by
the contribution of the Higgs boson.
In this analysis we ignored the presence of σ. However, one can imagine a situation
where α ∼ 0 with a large value of κ˜G. In this limit the mass eigenstate h2 can therefore
affect EWPTs. This situation can be achieved because the mixing between σ and h is mostly
generated via the coupling of σ to the top and the mass term in the potential for the pNGBs,
while the bounds are only sensitive to the coupling to gauge bosons. Even when the mixing
vanishes the σ state still affects the EWPTs as shown in Figure 1. Here we plot the upper
bound on θ as a function of the mass of the heavier scalar mass for various values of κ˜G. One
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Figure 1. Upper bound on θ as a function of the mass of σ. The red curve corresponds to the
decoupling limit θ < 0.239, while for the other lines correspond to κ˜G = 0.5, 1 and 1.2, while we keep
α = 0 and ND = 2.
can see that a non-zero value of the couplings can relax the bound and, for κ˜G > 1 there is
a range in mass where the EWPTs cannot bound θ. Additional constraints arise form the
measured couplings of the discovered Higgs and from direct searches on the heavier h2 (the
latter will be discussed in Section 5). This window is interesting because it shows how to
relax the EWPTs but will not be pursued here because it requires a certain tuning of the σ
couplings to obtain α ∼ 0.
3.2 The Technicolor limit
Another interesting limit occurs for θ = pi/2, i.e. the TC limit. In this case, the mixing
vanishes and the Higgs is associated with σ, i.e. α = pi/2. The pNGB h decouples and,
together with η, may play the role of dark matter [19], while the couplings of the 125 GeV
Higgs depend on the details of the underlying dynamics and are associated to the κ˜ param-
eters. The correct value of the Higgs mass can be achieved via a cancelation between the
dynamical mass, of the order of a TeV, and loop contributions from explicit breaking of the
global symmetry 6, such as the top loops [10]. Assuming the mass gets the correct value, we
can compute the bounds on the couplings of σ to gauge bosons κ˜G and fermions κ˜t (we are
explicitly assuming that all fermions couple in the same way, i.e. κ˜t = κ˜b = κ˜l). The results
are shown in Fig. 2, where we show 1, 2 and 3σ contours from the measured Higgs couplings
6A lighter mass can be achieved by considering underlying dynamics that is not QCD-like [16, 60], or a
near-conformal one [17, 61]. This situation can be achieved in the model under consideration by adding a
small number of fermions in the adjoint representation [19] of SU(2)FCD.
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Figure 2. Region allowed by the Higgs couplings in the TC limit θ = α = pi/2, with 1, 2 and 3σ
contours (left panel CMS bound and right panel ATLAS). The regions within the vertical lines are
allowed by EWPTs at 3σ for SU(2)FCD (solid) and Sp(4)FCD (dashed).
from CMS (left panel) and ATLAS (right panel). A fairly large region around the SM limit
κ˜G = κ˜t = 1 is still open. In principle, there is no reason for these couplings to be close to the
ones of the SM Higgs, however it is fascinating that this happens for the σ meson in QCD [62].
We also compare this allowed region with the bound from EWPTs, which is only dependent
on κ˜G. The vertical lines delimit the allowed region for two choices of ND, corresponding to
SU(2)FCD and Sp(4)FCD. For SU(2)FCD, which corresponds to two doublets, a substantial
overlap exists, pointing to larger couplings to gauge bosons and smaller couplings to fermions
with respect to the SM values. This effects should become measurable once more precise data
on the Higgs couplings are available. The intersection becomes smaller for Sp(4)FCD, which
has 4 doublets, while larger Sp(N)FCD are clearly disfavoured as EWPTs push the parameters
in a region excluded by the Higgs coupling measurements. Our results clearly show that the
TC limit is still allowed, provided that the correct value of the mass can be achieved.
3.3 General case
We now turn our attention to the general case. To reduce the number of unknown parameters,
we fix the σ couplings as follows: κ˜G = κ˜t = κ˜. We also fix the mass of the heavier Higgs
h2 and plot the bounds in the plane θ–α. In Fig. 3, we show the bounds in the case κ˜ = 1,
and mh2 = 1 TeV. The plot shows a degeneracy in the bounds from the Higgs couplings
due to the fact that the couplings of both the light and heavy Higgses depend only on the
difference (θ − α). On the other hand, EWPTs, in absence of any near-conformal dynamics
[46] or sources of isospin breaking, as it is well known do prefer small θ cutting out the TC
corner. Interestingly, however, we observe a novel way to loosen the bound on θ, by allowing,
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Figure 3. Region allowed by the Higgs couplings for κ˜ = 1 and mh2 = 1 TeV (left panel CMS bound
and right panel ATLAS). The black line indicates the 3σ bound from EWPTs in the SU(2)FCD.
for example for a positive mixing angle α allowing for values of θ up to pi/4. This is an
interesting result since it would reduce the level of fine-tuning to achieve in these models
either a pure pNGB or TC limit.
The situation is qualitatively different for values of κ˜ different from 1, as shown in Fig. 4.
For couplings smaller than unity, the allowed regions shrink, as the contribution of the heavy
Higgs, which tends to compensate for the modification of the Higgs couplings, becomes less
important. For larger couplings κ˜ > 1, the situation is very different: the EWPT allowed
regions expand until the TC limit is reached, while the Higgs coupling bounds tend to shrink.
In the bottom row of Fig. 4, drawn for κ˜ = 1.2, we see that the TC limit is at odds with the
(CMS) measurements of the Higgs couplings but not with EWPTs. This is due, however, to
our choice of κ˜G = κ˜t. We have shown in the previous section that smaller values of κ˜t would
reconcile the Higgs couplings with the experimental measurements.
4 Phenomenology of the singlet η
The pNGB η is a light new state that appears in this model: the masses of spin-1 states have
been computed on the lattice giving values above 2÷ 3 TeV [21–24] since they grow inversely
proportional to sin θ [3] . It is therefore interesting to assess the prospects for the discovery
of this state at the LHC. Note also that we studied the minimal case where, together with
the Higgs(es), only one new pNGB appears: in non-minimal cases the η will be accompanied
by additional scalars, some of which may carry charge and EW quantum numbers.
This state has particular properties compared to the other pNGBs (i.e. the Higgs and the
Goldstones eaten by the W± and Z). The effective Lagrangian for the pNGBs in Eq. (2.7)
does not contain any coupling with an odd number of η fields, thus showing an apparent
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Figure 4. Region allowed by the Higgs couplings for mh2 = 1 TeV (left panels CMS bound and right
panels ATLAS), with κ˜ = 0.8 (top row) and κ˜ = 1.2 (bottom row). The black line indicates the 3σ
bound from EWPTs for SU(2)FCD.
symmetry
η → −η (4.1)
that would prevent the η from decaying. At the level of the Goldstone matrix Σ, this symmetry
transformation can be expressed as
Ω · Σ(h,−η) · ΩT = Σ(h, η) , Ω =
(
σ2
σ2
)
, (4.2)
where Ω is a transformation belonging to the unbroken Sp(4). The action of this transforma-
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tion on the gauged generators 7 is
Ω† · SiL · Ω = SiR , (4.3)
which corresponds to exchanging the generators of SU(2)L with the generators in SU(2)R.
About the top Yukawa, the coupling can be written as:
(tL, bL, 0, 0) · Σ · (0, 0, tR, 0)T (4.4)
and the transformation rules are:
(tL, bL, 0, 0) · Ω = (0, 0,−ibL, itL) , (4.5)
ΩT · (0, 0, tR, 0) = (0, itR, 0, 0) , (4.6)
where the SU(2)L doublet is transformed into an SU(2)R anti-doublet, and same for the
incomplete SU(2)R doublet containing tR. This exchange is compatible with the exchange
between the SU(2)L and SU(2)R generators, seen above. The elementary fermions also pick
up a complex phase, which is not physically relevant.
The parity changing sign to η can, therefore, be though of as a systematic exchange of
the two SU(2)’s, and this does not change the physical couplings of the pNGB Higgs h nor of
η, at the level of the leading order Lagrangian. The reason for this is that η is a singlet, while
h couples to the symmetry breaking which is invariant under the exchange (being custodial
invariant).
The action of Ω on the mass term MQ in Eq. (2.3) reads:
ΩT ·MQ · Ω = ΩT ·
(
µLiσ2 0
0 µRiσ2
)
· Ω = −
(
µRiσ2 0
0 µLiσ2
)
. (4.7)
Once again, the two masses corresponding to the SU(2)L and SU(2)R doublets are exchanged
however with an additional minus sign, i.e. µL/R → −µR/L. The mass can be split into two
terms:
MQ =
µL − µR
2
(
iσ2 0
0 −iσ2
)
+
µL + µR
2
(
iσ2 0
0 +iσ2
)
. (4.8)
The first term, proportional to ΣB, is even under the exchange, while the second is odd. From
this analysis we can deduce that the only spurion that breaks the η parity explicitly is the
second piece of the mass term, thus there will be breaking terms proportional to µL + µR.
Note that, for the analysis to be consistent, one would expect µL + µR  µL − µR, else the
vacuum would align in a different direction. Additional operators containing linear couplings
of the η will be generated at higher order, as we will show below.
7In fact, the off-diagonal blocks can contain any linear combination of the 3 Pauli matrices: we chose σ2
because it allows for simpler transformation properties on the gauged generators of SU(4).
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4.1 Linear couplings to fermions
At leading order, there exists a unique operator which contains a linear η-f -f coupling 8,
generated by the mass and the top Yukawa [20]:
O1 = (Qtc)†α Tr [MQΣPαΣ] (4.9)
where α, β are SU(2)L indices, and MQ is the mass matrix for the techni-quarks in Eq. (2.3).
Expanding, we obtain:
O1 = (µL − µR) cos θ sin θ tLtcR
+
1
2
√
2f
[h (µL − µR) cos 2θ + iη (µL + µR) sin θ] tLtcR + · · · (4.10)
This operator generates a correction to the mass of the top (and coupling of the Higgs),
together with a linear coupling of η. Notice however that they are proportional to different
combinations of the masses: in particular, in the limit where the mass respects Sp(4), i.e.
µR = −µL, the coupling to η vanishes. This coupling is therefore unrelated to the physics in
the Higgs potential, and it is expected to be small, i.e. µL+µR  µL−µR, else the symmetry
breaking patters SU(4)/Sp(4) that gives rise to a pNGB Higgs would be distorted. In the
following we will estimate the maximum size of this operator in a different way from [20]. In
fact, the operator gives a contribution to the top mass of the order
δmt = C1 (µL − µR) cos θ sin θ (4.11)
where C1 is an order unity coefficient. This contribution can, in principle, be as large as the
top mass. However, if that were the case, the contribution of the top coupling to the scalar
potential would be affected and therefore it would modify the analysis performed so far. To
be on the conservative side, we require that the corrections stemming from the operator above
are at most 10% of the top mass. We will consider a stronger effect in a future work. The
coupling of the η can therefore be written as:
gηtt¯ = C1
µL + µR
2
√
2f
sin θ ∼ τ 10%mt
v
sin θ
cos θ
∼ 0.01mt
v
tan θ , (4.12)
where τ = µL+µRµL−µR parametrises the explicit breaking of Sp(4), and we have assigned to it
a maximum value of 0.1. A similar operator can be written for all SM fermions, so that
one can expect a similar coupling with, of course, the top mass replaced by the mass of the
specific fermion considered. We also expect a similar overall coefficient. At higher order in
the SM gauge couplings, or more generally in the chiral expansion, we expect several new
operators. To elucidate this point we show two new operators containing a linear coupling of
8In models with top partners [41], linear couplings can also be generated via couplings to composite
fermions [43].
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η to fermions:
O2 = (Qtc)†α
∑
i
g2i Tr[SiΣS
∗
iMQΣP
α] , (4.13)
O3 = (Qtc)†α
∑
i
g2i Tr[SiΣS
∗
i Σ
∗M †QP
α] , (4.14)
where the sum runs over the gauged generators of SU(4). The structure of the operators
suggests that they may arise as one-loop corrections of the EW gauge bosons to the coupling
of the elementary fermions to the dynamics, thus we expect the coefficients C2,3 to be naively
suppressed by a loop factor with respect to C1. The expansion of the above operators can be
conveniently expressed as:
O2 −O3 = (µL − µR)
[
3g2 + g′2
16
(
sin(2θ) +
cos(2θ)√
2f
h
)
+
+ i
3g2 − g′2
16
√
2f
sin θ η + . . .
]
(tLt
c
R)
† . (4.15)
O2 +O3 = (µL + µR)
[
3g2 − g′2
16
(
sin(2θ) +
cos(2θ)√
2f
h
)
+
+ i
3g2 + g′2
16
√
2f
sin θ η + . . .
]
(tLt
c
R)
† . (4.16)
The first combination provides an example of linear coupling of η which is proportional to
the Sp(4) conserving part of the techni-quark mass MQ, thus it cannot be set to zero. This
proves that a linear coupling of η to fermions is always generated in this model. We also
note that the linear coupling of η would vanish if an exact SU(2)L–SU(2)R symmetry were
imposed on the model by gauging the full SU(2)R group: in this limit, the gauge coupling
factor would be replaced by 3g2 − 3g′2 = 0, as g = g′.
In our numerical analysis we will consider the most optimistic case as in Eq. (4.12). Using
the tree-level coupling, the partial decay width in fermions is:
Γ(η → ff¯) =
3g2
ηff¯
8pi
mη
√
1− 4m
2
f
m2η
. (4.17)
4.2 Linear couplings to gauge bosons: anomalies
The anomalous Wess-Zumino-Witten (WZW) term also breaks the η-parity, thus potentially
generating linear couplings of the η to two gauge bosons. This coupling is very similar to the
one mediating the decay of the pi0 → γγ in QCD. It is associated with a triangle diagram of
techni-quarks. The anomaly diagram gives
M = NFCDS
16pi2
√
2f
µνρσ
µ
I (p1)
ν
J(p2)p
ρ
1p
σ
2 , (4.18)
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with I,J being the polarisations of the bosons I, J and
S =
1
2
Tr[Y 5{SI , SJ}] . (4.19)
Y 5 is the SU(4) operator associated with the η particle and SI/J are the generators of SU(4)
associated with the gauge bosons. NFCD is the number of components of each techni-quark
in the FCD group space, i.e. the dimension of the representation of Q under the confining
gauge symmetry: NFCD = 2 for SU(2)FCD and NFCD = 2N for Sp(2N)FCD. This amplitude
corresponds to couplings of the form
igηV1V2ηµναβV
µν
1 V
αβ
2 , (4.20)
with (fixing NFCD = 2)
gηWW =
g2sθcθ
16
√
2pi2v
, gηZZ =
(g2 − g′2)sθcθ
16
√
2pi2v
, gηZγ =
gg′sθcθ
16
√
2pi2v
,
gηγγ = 0 , gηgg = 0 . (4.21)
The coupling to gluons vanishes as the techni-quarks do not carry colour, while the coupling
to photons vanishes due to the fact that U(1)em is fully embedded in SU(4). Note also that
no coupling of h are generated by the WZW term, because h is CP-even.
These couplings lead to the following partial decay widths:
Γ(η → V1V2) =
g2ηV1V2
32pim3η
[(
m2η − (mV1 +mV2)2
) (
m2η − (mV1 −mV2)2
)]3/2 1
1 + δV1V2
, (4.22)
where 11+δV1V2
is a symmetry factor for identical final states.
The couplings η → gg and η → γγ will be generated by the top quark loop at the next
leading order, after taking into account the η-t-t interaction discussed in the previous section.
The corresponding partial decay widths are:
Γ(η → gg) = αα
2
sm
3
η
8pi2m2W sin
2 θW
g2ηttv
2
m2t
F 21 (xt) , (4.23)
Γ(η → γγ) = 1/2 N2c
α2
α2s
(
2
3
)4
Γ(η → gg) , (4.24)
where F1(xt) is the form factor for the top loop contribution with xt =
4m2t
m2η
being the rescaled
top quark mass squared,
F1(xt) = 1/2 xt
(
1 + (1− xt) sin2
(
x
−1/2
t
))
, (4.25)
and we neglect the light quarks contribution due to their small Yukawa interactions. It is
noted that in this model, the W± loop correction to the η-γ-γ coupling vanishes due to
the antisymmetric tensor µνρσ, since there should be no further radiative corrections to the
anomalous interaction. These subleading couplings give negligible contribution to the width,
however the coupling to gluons may play an important role for production at the LHC.
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Figure 5. Branching ratios for the η particle as a function of θ and mη, for mh = 125 GeV. The
angle θ range from 0 to θmax,CMS defined in Section 3.
4.3 Branching ratios
With the previous results, we can therefore calculate the branching ratios for the η particle. In
the numerical examples, we will limit ourselves to the case of SU(2)FCD, and fix the coupling
to fermions to the maximum value in Eq.(4.12). We have two remaining free parameters
appearing in the couplings: mη and θ. In the minimal case, they are related by a simple
equation mη = mh/ sin θ. In the following we will consider as an example the limit case
α  1, i.e. the case where the Higgs is almost entirely composed of the h particle. We set
mh ∼ mHiggs ∼ 125 GeV and compute the value of the branching ratios as a function of mη.
As illustrated by Fig. 5, in the mass region of 200 GeV < mη < 350 GeV, the decay width
is dominated by the W+W−, Zγ, ZZ and bb¯ channels, and for mη > 350 GeV tt¯ becomes
the dominating final state. The branching ratio of η → gg is relatively large, which is 6% for
η = 200 GeV and comparable to η → bb¯ in certain regions. However for the decay η → γγ,
its branching ratio is negligible, accounting for 0.02 percent in the low mη region due to the
vanishing W loop contribution. In the figure we can also see that the bound on θ coming
from the Higgs couplings and EWPTs, i.e. θ ≤ 0.24, restricts the η to the heavy mass region,
mη ≥ 500 GeV, which is above the tt¯ threshold. We can therefore conclude that the scalar
will always predominantly decay into tops, with the exception of very high masses (above 2.5
TeV, i.e. θ < 0.05) where the di-boson channels become prevalent.
4.4 Production cross sections
We continue to discuss the production mechanism of the η particles at the LHC Run II. Since
the linear couplings are loop suppressed, the pair production is generally expected to be larger
than the corresponding single production, but it does not apply to the gluon fusion processes
due to the high momentum behavior of the off-shell form factor. The leading production
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Figure 6. Production cross sections as a function of mη at the LHC Run II with
√
s = 13 TeV.
We set the PDF to be MSTW2008NLO. The renormalization and factorization scales are fixed to
be µR = µF = Σfmf/2, where we sum over the massive final states. The cross sections of the pair
productions are drawn in solid lines while the cross sections of corresponding single productions are
drawn in dashing lines with matching colors.
channel is qq′ → ηη + 2j, where we sum over two major effects. One is the direct vector
bosons fusion via the V -V -η-η vertex and the other one is Higgs mediated VBF pair fusion.
The interference between these two diagrams turns out to be constructive and the Higgs
mediated VBF pair fusion will play a comparable role in the large mη region. At a
√
s = 13
TeV LHC, with mη = 250 GeV, the cross section for pp→ ηη + 2j is around 0.43 fb (see Fig
6). The corresponding single process is qq′ → η + 2j, where there are additional diagrams
with Z-γ-η interactions in addition to the SM VBF diagrams, but its cross section could be
two orders smaller than the VBF pair production. The next leading production channels for
the η particle are through the single and pair gluon fusions, i.e. gg → η and gg → ηη, which
are dominated by the top loop contribution. We can see from the simulation result that for
mη > 300 GeV, gg → η is more dominant due to the fact that the momentum dependent
form factor of gg → ηη goes to zero in the large limit of s = (pg1 + pg2)2. Notice that there
is a transition at mη = 2mt for the single gluon fusion process, which exactly reflects the
fact that the form factor from the top loop needs to change at that point. In Fig. 6, we
also display the cross sections for the other major production channels, i.e. the associated
production channels gg → ηηtt¯, gg → ηtt¯ and qq¯ → ηV , qq¯ → ηηV , where V stands for all
the SM gauge bosons W,Z, γ. Those processes are sensitive to the NLO QCD corrections
and the choice of parton distribution functions (PDFs). In the MadGraph simulation [63],
we only take into account the leading order (LO) effects and ignore a sizable factor from the
NLO correction. We choose the PDF set to be MSTW2008NLO [64], while other PDFset
choice could lead to 10% variation for the hadronic cross sections.
The leading cross section is therefore always pair production: in the case with a significant
coupling to fermions, this will result in a final state with four tops. However, the rates are very
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Figure 7. Production cross sections for the e+e− → ηZ and e+e− → ηγ from the anomalous η-V -V ′
vertice in the large energy squared limit s m2η.
small, always below one fb, and they will also be dominated by the SM four top production
which rates to about 15 fb at a centre of mass energy of 14 TeV [65]. One possibility to
reduce the SM background would be to tag the forward jets produced in association with the
η’s, nevertheless this may be doable only with a very large integrated luminosity.
For completeness, we also calculated the production cross section at a linear electron-
positron collider: the analytical results are shown in Eqs. (4.26) and (4.27). The main channel
is the production in association with a neutral boson, i.e. e+e− → ηγ and e+e− → ηZ:
σ(e+e− → ηγ) = α g
2
ηzγ
(
s−m2η
)3
s
(
(s−m2z)2 +m2zΓ2z
)
((
c2w − s2w
)2
+ 4s4w
)
12c2ws
2
w
· θ (s−m2η) , (4.26)
σ(e+e− → ηZ) =
α
((
s−mη2 −mz2
)2 − 4mη2m2z)3/2
12s3
(
(s−m2z)2 +m2zΓ2z
)
cw2sw2
· θ
(
s− (mz +mη)2
)
·
(
8g2ηzγ
(
s−m2z
)2
c2ws
2
w + g
2
ηzzs
2
((
c2w − s2w
)2
+ 4s2w
)
+ 4gηzγgηzzs
(
s−m2z
)
cwsw
(
c2w − 3s2w
))
. (4.27)
In the case with only SM gauge bosons mediation, the cross sections will increase with the
center of mass energy squared after reaching the final state threshold and then flatten to
a constant in the high energy limit. In Fig. 7, we plot the production cross sections for
e+e− → ηZ and e+e− → ηγ in the large limit s m2η. Due to the small vertices of gηzγ and
gηzz, the cross sections turn out to be very small and comparable to the relevant results at
the hadronic collider.
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5 Constraints on the heavier Higgs boson
In the previous sections we have investigated the implications of the Higgs boson measure-
ments and of the electroweak precision parameters on a general fundamental composite elec-
troweak dynamics, embracing both the ideas of a pNGB Higgs and of a composite Higgs in
terms of techni-fermions. However the simplest fundamental dynamics we used as a guid-
ing example, predicts the existence of other composite states. As already discussed in the
introduction, preliminary lattice results indicate that the composite vector and axial-vector
states are expected rather heavy and outside the present reach of the LHC (see for example
[23]). Concerning the scalar sector of the model, lattice results are still too preliminary [25],
but a first indication is that the scalar composite σ will be lighter. Therefore, the heavier
mass eigenstate h2 (see Eq. (2.27)) resulting from the mixing of the pNGB and techni-Higgs
may well be within the reach of the LHC. In the effective Lagrangian description, this second
heavier Higgs h2 can be characterised in terms of five parameters: the angles α and θ, the
(properly normalised) σ couplings κ˜G and κ˜t, and the mass mh2 . The couplings of h2 to SM
gauge bosons V = W±, Z, and the fermions (mainly the top) are given by:
gh2V V
gSMhV V
= sin(θ − α) + (κ˜G − 1) sin θ cosα ,
gh2ff¯
gSM
hff¯
= sin(θ − α) + (κ˜t − 1) sin θ cosα . (5.1)
To simplify the analysis we fix κ˜G and κ˜t, and show how the LHC can constrain the remaining
parameters.
As h2 has the same couplings of a SM Higgs, rescaled by the factors in the above formula,
the constraints on its mass can be extracted by looking at searches of a Higgs at high mass,
which is dominated by decays to WW and ZZ. In the following, we will use the CMS search
for a heavy Higgs in the channel h2 → ZZ → 4l comprising the full Run 1 dataset [66], from
which we extract the 95% confidence level limit on the signal strength µ as a function of the
mass of h2. This provides the most constraining search for large mass Higgses. For κ˜G = κ˜t,
there is only one rescaling factor between the h2 coupling and the corresponding SM Higgs
coupling in our model, thus µth is simply equal to the square of the scaling factor in Eq.(5.1).
Once the κ˜’s are fixed, using the fitted upper limit function of µexp(mh2), for each point in the
(α, θ) plane a minimum value of mh2 can be extracted by requiring µth ≤ µexp. The result is
shown in Figure 8. Note that the oblique parameters depend weakly on the h2 mass and tend
to prefer the region α ∼ θ where the couplings of h1 are close to SM-like, which is the region
where h2 tend to decouple. In the left panel of Fig. 8 we show the case of κ˜G = κ˜t = 1.2.
The region between the blue lines are allowed by the EWPTs, and it shrinks slightly with
increasing mass of the heavy Higgs. In the preferred area, the lower bound on h2 is always
rather weak, being always below 600 GeV. Thus we can conclude that the second Higgs can
still be fairly light and have escaped detection at the LHC.
In the case κ˜G 6= κ˜t, as there will be two different rescaling factors related to the vector
boson couplings and SM fermion couplings, thus the signal strength is a more complicated
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Figure 8. 95% CL limit on the mh2 from the CMS measurement of h2 → ZZ → 4l. The red contours
indicate the minimum value of mh2 corresponding to the upper limit of µexp; the blue contours are the
bounds from the EWPT allowed region for mh2 = 450, 800 GeV in dashing and solid lines respectively.
In the left panel, we fix κ˜G = κ˜t = 1.2, while in the right panel κ˜G = 1.0 and κ˜t = 0.8.
function of (α, θ,mh2). Following the same procedure as above, we illustrate the bounds in
the right panel of Figure 8, where κ˜G = 1.0 and κ˜t = 0.8. As before, in the region preferred
by EWPTs, the lower bound on mh2 is rather loose, being always below 450 GeV This is
quite general feature of this model therefore, as h2 always tends to decouple if the lighter
Higgs h1 has couplings close to the SM ones.
6 Conclusions
On the eve of the second run of the LHC experiments, it is of paramount importance to
determine the status of the fundamental composite electroweak dynamics paradigm. We have
therefore performed an analysis that encompasses the simplest realisation bridging composite
Goldstone Higgs models and Technicolor. By simplest we mean that it admits the most
minimal fundamental realisation, also investigated via first principle lattice investigations.
A typical model of fundamental composite dynamics will contain scalars behaving like
pNGBs of the global symmetry breaking and are therefore light, scalars that are truly com-
posite states, and spin-1 states. Lattice data seem to indicate that the spin-1 states are always
fairly heavy, above 2-3 TeV and with masses increasing for smaller θ parameters. Thus, from
this kind of scenario, the states that should be the first one to be studied at the LHC are
scalars. In this work we focused on the minimal fundamental composite dynamics scenario,
based on the symmetry breaking SU(4)/Sp(4). Together with a Higgs-like state, the pNGBs
also include a singlet η. We have investigated the interesting phenomenological interplay
between the pNGB and techni-Higgs interpretation of the discovered Higgs particle. These
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two states necessarily mix since they are both present in any fundamental four-dimensional
realisation of a composite pNGB nature of the Higgs. Once the effective Lagrangian has
been introduced and properly justified, we used the EWPTs as well as CMS and ATLAS
most recent constraints on the Higgs couplings and decays to constrain the effective coupling
parameter space. We showed that a less fine tuned vacuum can be reached once a significant
mixing between the two scalars is generated. We then investigated the potential phenomeno-
logical impact of the singlet pNGB and the heavier Higgs-like state. The η cannot play the
role of Dark Matter as it decays into gauge bosons via the WZW anomaly and to fermions via
higher order operators (possibly generated by electroweak loops). However, the production
rates at the LHC Run II, and at a future linear collider, are very small, making its detection
very challenging. The second Higgs may also show up in searches for Higgs-like states at
high mass, and we showed that the present bounds are quite mild allowing for masses of a
few hundred GeV. This study can be considered as a benchmark for models of fundamen-
tal composite dynamics: non-minimal cases may contain more scalars with better detection
prospects as they may be charged, while others may play the role of Dark Matter.
We have shown that the first LHC run is compatible with a composite nature of the Higgs
mechanism in any of the limits considered, including Technicolor. Because of the link to the
fundamental dynamics, we will be able, in the near future, to relate these constraints to direct
first principle lattice simulations. Our results set the stage for the LHC Run II searches of
natural composite dynamics at the Fermi scale.
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